channels in the rear part of migrating cells. Notably, we found that this locally concentrated Ca 2+ influx acts as an essential transducer in establishing a global front-to-rear increasing Ca 2+ gradient. This asymmetrical Ca 2+ gradient is crucial for maintaining front-rear morphological polarity by restricting spontaneous lamellipodia formation in the rear part of migrating cells. Collectively, our findings demonstrate a clear link between local Ca 2+ sparklets and frontrear coordination during directed cell migration.
optogenetics | cell migration | calcium signaling | cell polarity | actin cytoskeleton M esenchymal cell migration is characterized by polarization of the cell to form a leading edge with adhesive-mediated protrusion and a trailing edge with a contractile cell rear (1) . To maintain their polarized morphology and achieve efficient migration, migrating cells require front-rear coordination: simultaneous harmonization of frontal protrusion and rear retraction. This coordination is a key process in directional cell migration and is regulated by diverse external guidance cues that steer intrinsic cell directionality (2) . Among intracellular signaling messengers, Ca 2+ signals are widely known to regulate cell migration. Intracellular Ca 2+ signals are fine tuned in space and time by intracellular Ca 2+ buffers and reservoirs (3) . Given their spatiotemporal diversity, localized Ca 2+ signals act as versatile signaling mediators of the functions that constitute the multiple steps in cell movement. For example, localized Ca 2+ influx derived from stretch-activated Ca 2+ channels in the front region of migrating cells is known to steer membrane protrusions (4) . Moreover, other types of Ca 2+ influxes have been reported to mediate detachment of the trailing part of the cell during migration (5, 6) . Although such reports regarding local Ca 2+ effects have provided fragmentary insight into the motile processes, how these local Ca 2+ signals systemically operate to coordinate cell migration is still incompletely understood.
As knowledge about cell migration has grown, so too have demands for novel approaches capable of recapitulating cellular movements with the precise spatiotemporal resolution necessary to accurately dissect mechanisms underlying directional migration (2) . A variety of optogenetic tools based on light-controllable proteins have recently been introduced as a means for regulating biological activity in living cells and organisms (7) (8) (9) . This notable expansion of optogenetics has opened up new avenues for regulating diverse signaling pathways in a robust, reversible, and spatiotemporal manner (10) . In particular, recently developed optogenetic tools have demonstrated remarkable efficacy in controlling cell motility and related signals through tailored optical input (7, 11) . Exploiting the photosensory protein cryptochrome 2 of Arabidopsis thaliana, we recently developed an optically controllable receptor tyrosine kinase (RTK), optically controlled FGF receptor 1 (optoFGFR1), and demonstrated its precise spatiotemporal regulation of cell polarity and directionality (12) . Such versatile regulators of cell motility have the potential to unveil the mechanisms underlying directional cell migration, which are difficult to address using previously existing methods.
Here, using optogenetic tools that modulate RTK downstream pathways, we elucidated the spatially distinct role of local Ca 2+ signals in directed cell migration. With this toolkit, we were able to visualize locally evoked Ca 2+ sparklets, which are crucial for coordinated migration of endothelial cells through induction of a polarized state. Notably, this Ca 2+ influx establishes a front-torear increasing Ca 2+ gradient in migrating cells that consequently maintains cell polarity by restricting spontaneous lamellipodia formation in the trailing edge. This study identifies a previously unrecognized pathway that links Ca 2+ sparklets, Ca 2+ gradients, and front-rear coordination in the context of directed cell migration.
Results
The Effect of RTK Downstream Pathways in Coordinated Migration.
RTK signaling pathway plays a central role in connecting ligand (signaling input) to migration (functional output) in cells that directionally migrate in response to external cues. To determine the different contributions of each signaling node of RTK downstream to the process of directed cell migration, we used
Significance
In this article, we present a pioneering experimental approach for studying cell migration and more broadly establish representative guidelines for applying an optogenetic approach in biological studies. Using recently developed optogenetic tools, we identified local Ca 2+ influx as a major source of Ca 2+ for gradient formation and established the functional importance of polarized chemistry in highly coordinated cell migration. These findings provide strong evidence for a mechanism that addresses fundamental questions about front-rear Ca 2+ gradients in migrating cells and suggest a previously unidentified role of voltage-dependent Ca 2+ channels in the directional migration of nonexcitable cells. two optogenetic tools-optically controlled fibroblast growth factor receptor 1 (optoFGFR1) (12) and photoactivatable Rho small GTPase Rac1 (PA-Rac1) (7)-which optically regulate cell migration by activating distinct nodes in the signaling hierarchy (Fig. 1A) . Each optogenetic tool was expressed in human umbilical vein endothelial cells (HUVECs), and the motile pattern guided by localized photoactivation was monitored. In both cases, localized illumination (488 nm, 1 μW, 15-s intervals) oriented the leading edge toward the illuminated area with increasing membrane protrusion (optoFGFR1: +18.2%; PA-Rac1: +17.7%, relative to entire cell area; Fig. 1 B and C) . However, significantly more retraction on the opposite side of illumination was observed in optoFGFR1-expressing cells (−27.1%) compared with PA-Rac1-expressing cells (−15.9%; P = 0.032) (Fig.  1D and Fig. S1 A and B) . Based on this optically oriented direction of cell movement, we defined the illuminated part as "front" and the opposite part as "rear." We then investigated signal dynamics of Lifeact (F-actin biosensor) (13) in HUVECs during optical guidance. Overall Lifeact signals in the front region gradually decreased in both groups, indicating actin turnover from thick fiber to branched form during lamellipodia formation; whereas only optoFGFR1-expressing cell showed remarkable local accumulation of Lifeact signals in the contracting rear region, indicating stress fiber formation, in accordance with our previous finding (12) (Fig. 1 E-H) . A graph quantifying Lifeact intensity clearly showed the increasing pattern (+46.5%) in the rear part of optoFGFR1-expressing HUVECs ( Fig. S1 C-E). We also observed that myosin signals [myosin regulatory light chain 2 (MRLC2)-iRFP682] were preferentially colocalized with the accumulated Lifeact signals, implying that actomyosin crosslinking drives rear retraction during optical guidance of HUVECs (Fig. S1 F and G) . Such rear myosin concentration is also known to coordinate cell motility through organization of front-rear actin network treadmilling (14) . Collectively, these results demonstrate the hierarchical difference of signals in front-rear coordinated cell migration, represented by harmonization of rear retraction with frontal protrusion: upstream RTK induces more robust retraction than downstream Rac1. In the case of PA-Rac1, retraction occurred with prolonged photoactivation (90 min), indicating that PA-Rac1 also leads to coordination rather than simply producing frontal protrusion (Fig. S1H ).
Identifying Local Ca 2+ Signals in Migrating HUVECs. We hypothesized that the observed rear retraction might be related to the local Ca 2+ distribution, a factor well known to generate cell contractility (15) . To test this, we first modified red fluorescent genetically encoded calcium indicators for optical imaging version 1 (R-GECO1) (16) , an intensiometric Ca 2+ biosensor, to produce a membrane-tethered format (Lyn-R-GECO1) to increase sensitivity and spatial resolution of the biosensor (17) . We then cotransfected Lyn-R-GECO1 and optoFGFR1 into HUVECs and monitored local Ca 2+ dynamics during optically guided cell movement. Upon local activation of optoFGFR1, two distinct patterns of Lyn-R-GECO1-based Ca 2+ geometry were clearly visible: Ca 2+ puffs, broad (mean width: 48.09 μm), oscillating signals localized around the illuminated area; and Ca 2+ sparklets, pinpoint signals (4.03 μm) detected in the lightunreachable peripheral region of the cell (18) (Fig. 2 A-C and Movie S1). By contrast, local activation of PA-Rac1 did not induce remarkable changes in Ca 2+ levels (Fig. S2A ). We then investigated the spatiotemporal characteristics of Ca 2+ sparklets, including distribution, amplitude, and duration in multiple cells (Fig.  S2 B-D) . Notably, Ca 2+ sparklets were predominantly (65.4%) located in the rear retracting part of migrating HUVECs (Fig. 2D) . Upon addition of serum instead of optical stimulation, sparklets were also observed near the retracting part of migrating cells (Fig.  S2 E and F) . These data suggest the possibility that Ca 2+ sparklets are related to the rear retraction in migrating HUVECs.
Next (Fig. 2F) , and also observed significantly decreased frequency of Ca 2+ sparklets by translational knockdown of Ca V 1.2 by transfecting short hairpin RNA (shRNA) plasmid (Fig. 2G and Fig. S2I ). These data demonstrate that Ca V 1.2 mediates the observed Ca 2+ sparklets.
Elucidating the Ca 2+ Sparklet-Related Signaling Network. Which signaling pathway is the key inducer of Ca 2+ sparklets? Among various RTK downstreams, the phosphoinositide 3-kinase (PI3K) pathway has been suggested to regulate Ca V channel activity by changing the lipid composition of the cell membrane (20, 21) . In support of this possibility, treatment with LY294002 (PI3K inhibitor) markedly inhibited Ca 2+ sparklets in HUVECs optically guided by optoFGFR1 (Fig. S3A) . We then applied light-inducible PI3K (11) (Fig. S3D) . We found that all PH domains that bind 3-PIs reduced the frequency of Ca 2+ sparklets to basal levels (Fig. S3E ). These results demonstrate the importance of membrane lipid modulation by the PI3K pathway in evoking Ca 2+ sparklets. Next, we investigated the mechanism underlying the concentrated localization of Ca 2+ sparklets in the rear part of migrating cells (Fig. 2 C and D) . As shown in Fig. S3 A-E, it is clear that the FGFR-PI3K-3-PI signaling axis increases the frequency of Ca 2+ sparklets above the basal level. In the case of partial activation of optoFGFR1, which mimics a situation in which cells move toward a chemical attractant, we anticipated that 3-PIs generated from the illuminated (front) area could affect membrane lipid composition in the rear part through rapid diffusion through the plasma membrane, owing to their high diffusion coefficient (0.5-2 μm 2 /s) (22, 23) . Consequently, the diffused 3-PIs may act as enhancers of Ca 2+ sparklets in the rear part of HUVECs. If this is the case, why are Ca 2+ sparklets down-regulated in the front area of the cell? We hypothesized that there is a dominant Ca 2+ sparklet-inhibitory signal in the FGFR-activated front region. Among the various downstream signaling pathways engaged by FGFR, we found that protein kinase C (PKC) activation by phorbol 12-myristate 13-acetate (PMA) treatment dramatically suppressed Ca 2+ sparklets (Fig. S3F ). This suppressive effect was also observed in PKC-overexpressing cells (Fig. S3G) . Classic PKC isoforms are known to regulate L-type Ca V channel activity through diverse receptor-mediated signaling pathways (24, 25) . We also observed PKC recruitment in the front region where optoFGFR1 was locally activated, a response that was absent in cells expressing the PLCγ-binding-deficient optoFGFR1 mutant, Y766F (Fig. S3  H and I) . Consistent with this, the PKC inhibitor Go6983 significantly increased the proportion of Ca 2+ sparklets in the front region of optically guided HUVECs (Fig. S3J) , indicating that PKC is a major repressor of Ca 2+ sparklets in the front region. Collectively, these findings suggest that diffusion of 3-PIs from the illuminated region might enhance the activity of Ca V channels in the rear part, and that Ca V channels in the front region are simultaneously inhibited by activated PKC (Fig. S3K) . This proposed model of signaling coupling between PI3K and PKC provides a plausible explanation for the posteriorly concentrated distribution of Ca 2+ sparklets. Which signaling pathway is involved in Ca 2+ -mediated retraction? During muscle/nonmuscle cell contraction, elevated intracellular Ca 2+ mediates actomyosin contraction through the calmodulindependent myosin light chain kinase (MLCK) signaling pathway (26) . Therefore, we evaluated changes in phosphorylated MLC (pMLC) levels induced by treatment of HUVECs with basic fibroblast growth factor (bFGF) in the presence and absence of nimodipine. Immunofluorescence results showed that bFGF increased pMLC levels by 13.4%, and the effect was completely inhibited by preincubation (1 h) with nimodipine ( Fig. S4 A and  B) . Additionally, HUVECs coexpressing kinase-dead MLCK (MLCK-KD) exhibited impaired trailing-edge contraction during optical guidance by optoFGFR1. A similar motile pattern was also observed after nimodipine treatment (Fig. S4 C and D) . These results demonstrate that the MLCK pathway is a major signaling mediator of the rear retraction of migrating cells. (Fig. S5 A  and B) . The method for detecting Ca 2+ gradient in our system was validated by demonstrating the presence of a Ca 2+ gradient in WI-38 (Wistar Institute 38) human fetal lung fibroblasts (Fig. S5 A and  B) known to possess an overtly polarized morphology and Ca 2+ gradient (4). We could not guide cells with optogenetic tools under the imaging conditions used for ratiometric Ca 2+ measurements, because the method requires excitation by multichannels of laser, including the wavelength used to activate optogenetic modules (∼488 nm). Therefore, we selected migrating HUVECs that retained a well-established Ca 2+ gradient and polarized morphology and monitored changes in the gradient upon inhibition of Ca V channels. Surprisingly, nimodipine treatment immediately equalized the Ca 2+ gradient; by contrast, vehicle (DMSO)-treated cells maintained their rear-increased Ca 2+ gradient (Fig. 3 A-D) . Additionally, we confirmed that extracellular Ca 2+ chelation with EGTA also decreased the steepness of the Ca 2+ gradient (Fig.  S6A) , supporting the conclusion that Ca 2+ influx via Ca V channels in the form of Ca 2+ sparklets is a major player in modulating the intracellular Ca 2+ gradient. Next, to demonstrate the relationship between the Ca 2+ sparklets and the front-rear gradient, we tested whether local Ca 2+ sparklets can modulate global Ca 2+ levels. To conditionally evoke Ca 2+ sparklets, we applied chemically inducible PI3K (30, 31), which generates 3-PIs upon treatment with the chemical dimerizer, rapamycin. Using the membrane-tethered Ca 2+ biosensor, Lyn-R-GECO1, we confirmed that 3-PIs generated by rapamycin treatment dramatically increased the frequency of local Ca 2+ sparklets in HUVECs without inducing Ca 2+ puffs (Fig. S6C ). Using the same conditions except replacing Lyn-R-GECO1 with R-GECO1, which is better suited to visualizing global [Ca 2+ ] i changes, owing to its cytoplasmic location and higher diffusion rate (Fig. S6B) , we observed that rapamycin treatment remarkably increased global Ca 2+ levels (Fig. S6 D and E) . Notably, combined treatment with rapamycin and nimodipine almost completely abolished this increase, and treatment with nimodipine alone significantly decreased basal Ca 2+ levels (P = 2.0 × 10 −4 ; Fig. S6 D and E) . These data indicate that local Ca 2+ sparklets mediated by Ca V channels can modulate global Ca 2+ levels, and thus provide indirect, but strong, evidence demonstrating the role of asymmetric sparklets in generating global Ca 2+ gradients. Next, we evaluated morphological changes of HUVECs following perturbation of Ca 2+ gradients by nimodipine treatment. Immediately after nimodipine treatment, Lifeact-expressing HUVECs under serum-supplemented conditions displayed multiple and spontaneous protrusions along the entire cell edge (Fig. 3E) . Regulated formation of lamellipodia is required for directionally persistent cell migration; conversely, increased numbers of lamellipodia reflect randomized directionality with reduced responsiveness to external cues (2) . Applying this concept, these morphological changes could be interpreted to mean the Ca V channel-mediated Ca 2+ gradient is important for regulating cell directionality in directional migration. gradient in motile behavior in greater detail, we designed a "time-square model," which guides the reproducible migration of an individual cell through a standardized, square-shaped optical input (488 nm, 4 μW, 30-s intervals) with time-course live imaging (Fig. 4A ). In the time-square model, optoFGFR1-expressing HUVECs exhibited well-defined leading and trailing edges that were thoroughly coordinated during migration toward the illuminated region (Fig. 4B and Movie S2). However, upon perturbing the Ca 2+ distribution by nimodipine treatment, the direction of migrating HUVECs was frequently altered by spontaneous membrane protrusions from the trailing edge, resulting in unstable directionality (Fig. 4 C and D) . Resultantly, the cell failed to move inside the "blue square" (Fig. 4B and Movie S3). In addition to abrogating front-rear coordination, nimodipine also dramatically decreased migration velocity (control: 15.2 μm/h; +nimodipine: 3.4 μm/h). Interestingly, these effects of nimodipine were markedly rescued by coexpression of an MLC-phosphomimetic mutant (MRLC2-DD), which enhances MLCK downstream activity (Fig. S7 A and B) . Thus, this exquisitely designed optogenetic model clearly revealed that the Ca 2+ gradient acts as a crucial mediator of sustained directionality as well as migration efficiency through modulation of actomyosin contractility.
We showed that active retraction of the rear part in response to localized illumination only occurs in cells expressing optoFGFR1, but the retraction was less active in those expressing PA-Rac1 (Fig. 1 B-D) . This, taken together with the observed rescue of nimodipine-impaired directional migration, suggests that coexpression of MRLC2-DD could alter the motile pattern of PARac1-expressing cells to yield rear contractility similar to that of optoFGFR1-expressing cells. In the time-square model, cells coexpressing PA-Rac1 and MRLC2-DD showed an elongated morphology and efficiently moved into the illuminated region with active rear contraction, whereas cells expressing PA-Rac1 only showed delayed migration with a dragging rear part (Fig.  S7C) . Notably, the retractile force produced by MRLC2-DD propelled forward movement of the nucleus (nucleokinesis), reflecting efficient bodily movement of the cell. We also found that the nucleus-to-trailing edge (N-T) distance was remarkably shortened (−37.29 μm/h) in MRLC2-DD coexpressing cells, providing further support for rear retraction (Fig. S7D) . Coexpression of MRLC2-DD also significantly increased migration velocity (13.0 μm/h) compared with cells expressing PA-Rac1 only (4.7 μm/h) (Fig. S7E) . These results highlight the importance of the traction force driven by actomyosin crosslinking of the rear part in frontrear coordination during directional cell migration. Finally, we tracked the autonomous movement (chemokinesis) of HUVECs under serum-supplemented conditions, and evaluated their patterns upon nimodipine treatment. Interestingly, whereas normal cells moved along a linear path, Ca V channel-blocked cells showed a winding migration pattern, indicating frequent changes of direction (Fig. 4 E and F and Movie S4). This different migration mode is clearly evidenced by a significant decrease in directional persistence (displacement/total path, serum: 0.43; serum + nimodipine: 0.31) and speed (serum: 40.4 μm/h; serum + nimodipine: 28.4 μm/h) in nimodipine-treated cells (Fig. 4 G and H) .
Collectively, the results of diverse migration studies clearly show that an asymmetric Ca 2+ distribution coordinates directional cell movement by maintaining actomyosin contractility in the rear part, which is crucial for stabilizing the directional persistence of migrating cells (Fig. 4I ).
Discussion
Our study introduces the spatial roles of Ca 2+ sparklets derived from Ca V 1.2 channels in coordinating endothelial cell migration. Various excitable cells heterogeneously express L-type Ca V channels, and the biological functions of these channels, such as neuronal transmission and muscle contraction, have been extensively studied. However, the function and regulatory mechanism of L-type Ca V channels in nonexcitable cells has rarely been studied, especially in mesenchymal cell migration. L-type Ca V channels are up-/down-regulated via multiple signaling mediators induced by extracellular stimuli (32) . In particular, studies of RTK-mediated Ca V channel regulation have reported conflicting results-tyrosine kinase-dependent increase or decrease in L-type Ca V channel currents-depending on biological contexts (33, 34) . In the current study, we observed that the PLCγ-PKC cascade and lipid modulation by PI3K, two representative downstream pathways of RTK, act as dominant inhibitory and triggering signals for Ca 2+ sparklets, respectively. Intriguingly, these RTK downstream pathways elicit site-specific effects through signal coupling (possibly including cross-talk) in leading or trailing parts of a single cell, yielding a rear-concentrated pattern of Ca 2+ sparklets (Fig.  S3K) . However, dissecting the complete mechanism will require further investigation of additional signaling components involved in patterning front-rear Ca 2+ signals in migrating cells. We also demonstrated that the localized Ca 2+ sparklets from L-type Ca V channel are crucial mediators in the establishment of front-to-rear increasing Ca 2+ gradients. During directional migration, an increasing front-to-rear pattern of intracellular Ca level has been commonly observed in diverse cell types, but the mechanism by which the Ca 2+ gradient is generated is largely unknown. Evidence to date has shown that local Ca 2+ transients in many types of migrating cells, including stretched keratocytes (5) and fibroblasts (4) as well as collectively migrating HUVECs (28, 35) , are actually located in the front region of the cell, creating challenges for defining front-to-rear Ca 2+ gradients. In this study, we directly visualized Ca 2+ sparklets, which were mainly located in the rear part of the cells, by applying an optical guidance model and showed that blocking L-type Ca V channels rapidly abolished the Ca 2+ gradient and reduced the directional persistency of the cells. These findings provide clear evidence for the generating mechanism of front-rear Ca 2+ gradients, suggesting a novel role of Ca V channels in the directional migration of nonexcitable cells.
In this work, we have also sought to provide representative guidelines for using optogenetic toolkit in biological studies, especially in directed cell migration. Previously used methods for recapitulating directional migration require complex machinery or are not easily reversible or repeatable. The optogenetic approach provides an elegant experimental strategy that is suitable for implementation on a conventional microscope setup providing subsecond and submicrometer precision. Moreover, optogenetic tools are uniquely capable of modulating specific signaling nodes in a specified region and at specific time points, offering an unparalleled method for assessing cellular responses between activated and unactivated regions of a single cell (10, 36) . In our studies, we perturbed individual signaling nodes comprising the RTK signaling cascade using optoFGFR1 or PA-Rac1 and assessed cellular movement. This comparative approach proved decisive in revealing that the efficiency of frontrear coordination depends on a different hierarchy of signaling: optoFGFR1 produces more robust rear contraction compared with the PA-Rac1 (Fig. 1 B-D) . In addition, directly activating the PI3K cascade using light-inducible PI3K enabled us to elucidate a core signaling requirement for the induction of Ca 2+ sparklets (Fig. S3 B and C) . The direct access to individual signaling nodes provided by optogenetic tools is a powerful asset in dissecting the mechanisms underlying biological events in which multiple signaling pathways are orchestrated. Collectively, these superior properties-excellent spatiotemporal resolution and direct signal accessibility-clearly justify the use of an optogenetic toolkit in the diverse biological fields.
Our study results, taken together, establish a clear pathway that links local Ca 2+ signals and front-rear coordination during directed cell migration.
Materials and Methods
HUVECs (Gibco) were transfected using the Neon Transfection System (Invitrogen). Transfected cells were plated on plastic-bottom 96-well plates (Ibidi) coated with collagen solution (Advanced Biomatrix). Live-cell imaging was conducted using a Nikon A1R confocal microscope. Optogenetic modules were stimulated by photoactivation using a 488-nm laser emitted through a Galvano scanner (Nikon). Detailed experimental procedures are provided in SI Materials and Methods.
